The aim of this study was to improve an in vitro system in order to gather optimized information on the digestion of different forages in the horse 0 s upper gastrointestinal tract. Therefore, foregut digestion of several forages was simulated in vitro (Part 1). The effect of different pH values on in vitro fructan degradation of two selected grasses (Part 2) was tested subsequently. Part 1: We hypothesized that our system produces representative results simulating digestive processes in the upper alimentary tract, but neglects microbial fermentation. In vitro digestion of six forages (grass mixture for horses, grass mixture for cows (GMC), tall fescue, English perennial ryegrass (ER), white clover, lucerne) was performed in two phases with pepsin and pancreatin. The results are consistent with current data from in vivo studies, including a degradation of crude protein and monosaccharides as well as a relative increase in fibres. Interestingly, a loss of fructan was measured in two feedstuffs (ER/GMC: 4.1/4.4% DM fructan before and 0.59/0.00% DM after simulated foregut digestion). Part 2: As fructans are thought not to be fragmented by digestive enzymes, another hypothesis was developed: acidic hydrolysis leads to a degradation of fructans. To evaluate the influence of gastric pH on the digestion of fructan and protein, different pH values (2, 3 and 4) were adjusted in a second series of in vitro foregut digestion trials with ER and GMC. As expected, the highest degradation of protein was seen at the lowest pH (protein in ER/GMC at pH 2: 6.11/8.28% DM and at pH 4: 7.73/10.64% DM), whereas fructan degradation was highest at pH 4 (fructan in ER/GMC at pH 2: 1.63/1.95% DM and at pH 4: 1.31/0.91% DM). We presume that not only acidic hydrolysis but also plant enzymes cause the loss of fructans in an acidic environment.
Introduction
Diseases caused by poor nutrition are common in horses. Therefore, it is important to investigate the pathogenesis of digestive disorders (Harris et al., 2006; Shirazi-Beechey, 2008; Vervuert, 2008; Al Jassim and Andrews, 2009; Pollitt and Visser, 2010) . In vivo experiments were conducted to analyse the digestion of forages in the equine gastrointestinal tract (MooreColyer et al., 2002; Brøkner et al., 2012) . However, these techniques are often work-and cost-intensive and should be avoided to the interest of animal welfare. Therefore, the development and improvement of in vitro experimental designs is extremely important (Russel and Burch, 1959) .
When developing in vitro digestion, that simulates the natural digestion processes of horses, it is essential to know about equine physiological processes. As equine saliva has no digestive enzyme activity (Al Jassim and Andrews, 2009), enzymatic degradation of the food starts in the stomach. The secretion of hydrochloric acid into the stomach induces an acidic gastric environment (pH 2-5) (Coenen, 1992; Husted et al., 2008; Glatter et al., 2016c) . The low pH causes both denaturation of proteins and presumably acidic hydrolysis of polysaccharides (Ince et al., 2013) . Pepsinogen is the most important enzyme in the stomach. After secretion into the acidic environment of the lumen, pepsinogen is activated to pepsin. Pepsin splits denatured proteins hydrolytically into polypeptides. The highest metabolic activity of pepsin was measured in a potent acidic environment (pH 1-4) between at least 37 and 42°C (Scharrer and Wolffram, 2004; Worthington and Worthington, 2011) . The pancreatic enzymes (peptidase, nuclease, amylase, lipase) are secreted into the lumen of the small intestine, where the pH is increased up to pH 7-8 (Mackie and Wilkins, 1988; Glatter et al., 2016c) by pancreatic secretions. Amylase is particularly relevant for the hydrolytic degradation of starch as it splits the unbranched 1.4-aglycosidic linkages (Kienzle et al., 1994; Santos et al., 2010) .
The apparent digestibility of forages in the foregut of horses was investigated in vivo earlier, using the mobile bag technique. Thus, an apparent crude protein digestibility of 52% was detected for haycubes in the horse 0 s foregut (Moore-Colyer et al., 2002; Brø-kner et al., 2012) . Monosaccharides and disaccharides are almost completely absorbed pre-caecally. In addition, a small fraction of cell wall carbohydrates, like hemicellulose and cellulose as well as fructans, is degraded in the stomach and small intestine by microbial fermentation (Al Jassim et al., 2005; Coenen et al., 2006; Perkins et al., 2012) . Only 5-11% of the non-starch polysaccharides (NSP), and 8-22% of the NDF, was lost pre-caecally when using the mobile bag technic for analyses by Moore-Colyer et al. (2002) and Brøkner et al. (2012) respectively. Fructans are oligomeric or polymeric polysaccharides and consist of b-linked D-fructofuranosyl units. Inulins are (2-1) linked fructans, levans are (2-6) linked with partial (2-1) linked branches, and graminans comprise both types of linkages (Vijn and Smeekens, 1999) . Depending on the degree of polymerization (DP), inulin-type fructans were classified as short chain fructo-oligosaccharides, fructo-oligosaccharides and inulin with mean DP around 3.6, 4 and 12 respectively (Glatter et al., 2016a ). This classification is common for inulintype fructans only. Therefore, a distribution of the chain length is also necessary to classify the other fructans which are of such great importance for digestive processes. Levans and graminans, specific grass fructans, are suspected of causing digestive disorders if they reach the horse 0 s hindgut in excessive quantities (Longland and Byrd, 2006) . The question of how grass fructans are digested pre-caecally is still being discussed. It is assumed that fructans are not degraded by endogenous enzymes (Nilsson et al., 1988) . However, Ince et al. (2013) measured partial degradation of polymeric fructans to oligomeric fructans when timothy grass was incubated with gastric and small intestine digesta. Glatter et al. (2016b) observed in the stomach of horses post-mortem non-structural carbohydrates including fructans being degraded to a certain degree. In addition, the chain length of inulintype fructans was shortened when passing from the Pars non-glandularis to the Pars glandularis, where almost complete decomposition of low dose fructans was shown. Microbial fermentation of fructans might be present to some extent, as there is an active microbiome not only in the equine 0 s hindgut, but also in stomach and small intestines (Mackie and Wilkins, 1988; Coenen et al., 2006) . This assumption is supported by results which indicate decomposition of fructans from Jerusalem artichoke meal and a coincident increase in short chain fatty acids with particular emphasis on n-butyrate in the horses' stomach (Glatter et al., 2016c) . Another and probably additional type of pre-caecal fructan degradation might be acidic hydrolysis. Glycosidic linkages are acid-intolerant and could be cleaved in ventral parts of the stomach (Ince et al., 2013) . To determine the proportion of total degradation caused by acidic hydrolysis and endogenous enzymes only, an in vitro system is required that excludes any fermentation. The aim of this study was the adaptation of an in vitro system to simulate equine foregut digestion exclusively by endogenous processes. In addition, we wanted to use this system to study the degradation of proximate nutrients and, in particular, graminan-type fructans of different origins. We hypothesized that i) acidic hydrolysis is responsible for a high degree of fructan degradation in the stomach of horses, and ii) our in vitro system can serve as a model for physiological processes in the equine foregut, that excludes fermentative processes.
Material and methods
The following grasses and grass mixtures were used as feedstuff for the in vitro pre-caecal digestion trials: a grass mixture for horses (GMH ; Table 1 ), a grass mixture for cows (GMC; Table 1), tall fescue (TF, Festuca arudinacaea), English perennial ryegrass (ER, Lolium perenne L.), white clover (WC, Trifolium repens L.) and lucerne (LU, Medicago sativa L.). All forages were cultivated as monoculture, harvested on the 20 August 2012 and preserved frozen. Prior to the trial in 2013, the forages were lyophilized (Christ Gefriertrocknungsanlage GAMMA 2-16 LSC, Osterode, Germany) and ground to particles of 2 mm.
Study protocol
The protocol bases on earlier investigations (Murray et al., 2005; Abdouli and Attia, 2007) , but some parameters have been adapted due to the physiological situation in the equine intestinal tract and pre-studies (unpublished data) based on personal communications. The study was performed in two parts:
Part 1 -Preliminary in vitro digestion of all forages
To simulate the conditions of the stomach, each forage was stirred in warm water at 38°C (Baumgartner, 2005 ) using a magnetic mixer, and the pH value was adjusted to 3.2 AE 0.05 (Coenen, 1992; Husted et al., 2008; Glatter et al., 2016c) with 1M HCl solution. After adding 2.28 g/l pepsin (pepsin 2000 FIP-U/g, EC 3.4.23.1, Merck KGaG, Darmstadt, Germany), the mixture was incubated at 38°C (Baumgartner, 2005) for 1 h (Van Weyenberg et al., 2006) under constant stirring. To simulate the passage into the small intestine, a solution of preheated phosphate buffer (4.4 g/l KH 2 PO 4 , 4.6 g/l Na 2 HPO 4 ) was then added and the pH value was adjusted to 6.9 AE 0.04 by adding 1M NaOH-solution. In addition, 0.25 g/l pancreatin (pancreatin, Product-Nr. P1750, 4 9 USP pancreatin from porcine pancreas, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and thus 7500 U/l amylase (Kienzle et al., 1994; Richards et al., 2003) were added, and the mixture was incubated again at 38°C (Baumgartner, 2005) under constant stirring. After 1 h (Van Weyenberg et al., 2006) , the predigested forage was strained through a layer of four gauzes (ESKompressen, Hartmann, EN 14079-VM17, 2355 Wiener Neudorf, Austria); the liquid was poured away and the forage frozen and lyophilized.
Part 2 -Influence of the pH value on gastric degradation of selected forages (ER, GMC)
The simulated foregut digestion of ER and GMC was repeated as described above, however, with three different pH values (2, 3 and 4) during the incubation with Pepsin. Each trail was repeated three times.
Analyses
Part 1: Both the original and the digested materials were analysed for crude nutrients (Weende analysis) and Van Soest fibres according to the VDLUFA method book III (Naumann and Bassler, 1997) in duplicate. The starch content was determined enzymatically as described by Zeyner et al. (2015) . Contents of water-soluble carbohydrates (mono-and dimeric sugars, fructans) were measured by HPLC (Shimazu-Deutschland GmbH, Duisburg, Germany; refraction index; column HPX-87P; Bio-rad, Hercules, CA, USA) according to a method by Hillegeist and Greef as described by Zeyner et al. (2015) .
Part 2: The digested material was analysed for dry matter, crude protein and water-soluble carbohydrates as described above. Characterization of the structure of fructan isomers in the original material was performed as separation according to its DP using a method by Hillegeist and Greef as modified by Pavis et al. (2001) .
Statistical analysis
An analysis of variance (ANOVA) for univariate and multivariate repeated measures was performed with SYSTAT©11 (Systat Software, inc., Point Richmond, CA 94804-2028, USA). The level of significance was preset at p < 0.05.
Results
Part 1: The concentrations of crude protein, glucose, fructose and saccharose decreased in the material following simulated foregut digestion, while those of fibre fractions increased simultaneously (Table 2 ). There was a particularly marked loss of fructans in ER and GMC materials (Table 3) , the only forages with remarkable fructan concentrations in the starting material.
The starch content was analysed in the original material only. The highest values were evaluated for LU (3.68% DM). The GMH (2.29% DM), WC (2.18% DM), ER (2.16% DM), GMC (1.96% DM), TF (1.27% DM) and hay (1.24% DM) contained lower starch contents.
Part 2: Concentrations of fructans did not differ remarkably between the original material of ER and GMC (Table 3) . After in vitro foregut digestion, the Table 1 Botanical composition of the seed used for the grass mixture for horses and grass mixture for cows (Suter et al., 2004) Journal of Animal Physiology and Animal Nutrition © 2017 Blackwell Verlag GmbH content of fructans in the GMC material was significantly higher (p < 0.05) with pH 2 (1.95% DM) than pH 4 (0.91% DM). Significantly more fructans remained in the ER material after in vitro digestion than in GMC (Fig. 1) . For both forages, the concentration of protein (Fig. 2 ) was significantly lower (p < 0.05) with pH 2 (ER: 6.1% DM; GMC: 8.3% DM) than pH 3 (ER: 7.6% DM; GMC: 10.5% DM) and in the same order between pH 2 and pH 4 (ER: 7.7% DM; GMC: 10.6% DM). Characterization of the fructan structure identified exclusively oligomeric isomers in GMC, whereas in ER approximately 70% of the fructan were polymeric (29.5% of the fructan in ER consisted of 1-5 units, 34.5% of 6-10 units, 20.2% of 11-15 units, 3.3% of 16-20 units).
Discussion
In Part 1, the preliminary study, six different grasses and grass mixtures were digested in the in vitro simulation of enzymatic foregut digestion. The resulting changes in the content of nutrients correspond in most cases to observations made in vivo (Moore-Colyer et al., 2002; Brøkner et al., 2012) . Crude protein was notably degraded in the in vitro simulation. This was expected as a result of the addition of pepsin and is also in agreement with Moore-Colyer et al. (2002) . These authors identified an apparent pre-caecal digestibility of 52% for the crude protein of haycobs using the mobile bag technique. The relative increase in fibre fractions measured in the present study is in line with physiological processes, as fibre is not degraded by endogenous enzymes (Brøkner et al., 2012) . The decrease in mono-and dimeric sugars, such as glucose, fructose and sucrose, which are easily digested and absorbed in the small intestine as monomeric compounds, is also conform with equine physiology (Shirazi-Beechey, 1995; Dyer et al., 2002; Glatter et al., 2016b) . These observations confirm the importance of equine pre-caecal digestive processes when simulating equine digestion in vitro. They also verify the implemented protocol for protein and fibre digestion as well as digestion of monosaccharides and disaccharides. In Part 2, the influence of gastric acidity on the degradation of protein and fructan was investigated. Fructans are supposed to reach the horses hindgut undigested (Nilsson et al., 1988) . In our study, ER and GMC were the only tested forages with notable fructan contents (g/kg DM: ER 40.5 and GMC 44.2; other forages: <10). However, fructans of both forages diminished after in vitro digestion. This conforms with observations made by Glatter et al. (2016b) who found mono-and disaccharides, fructans and starch almost completely decomposed in the foregut when they analysed ingesta of euthanized horses that had been fed a diet with and without addition of Jerusalem artichoke meal. In their study, oligomeric compounds made up the largest group of fructans. In our original material, 100% of the GMC fructan was identified as oligomeric, but only 30% of the ER fructan consisted of less than 5 D-fructofuranosyl units. However, there was no significant difference in fructan degradation between ER and GMC after in vitro digestion at any acidity. Ince et al. (2013) used ingesta to supply enzymes as well as the typical microbial flora for in vitro foregut digestion and also observed changes within the fructan polymerization by digestion. They assumed that microbial fermentation or acidic hydrolysis caused degradation of polymeric fructan to oligomeric fructan in stomach and small intestine. Glatter et al. (2016b) described -exclusively for the stomach of horsesdifferences between the DP of fructans in the Pars non-glandularis and Pars glandularis. These were reversed when Jerusalem artichoke meal was fed instead of fructans from native feedstuffs only. As we used no digesta but only pure enzymes in our experimental set-up, we could exclude microbial degradation of fructan. We hypothesized that acidic hydrolysis causes the decrease in fructan. Therefore, we analysed the influence of different pH values on the degradation of fructan and protein in a subsequent second in vitro digestion trial of GMC and ER. According to the spectrum of acidity in the stomach described by Coenen (1992) , the pH values 2, 3 and 4 were adjusted for gastric in vitro digestion. Significantly higher protein degradation was observed at a pH of 2 compared to pH 3 or 4, for both ER and GMC. This may refer to enzymatic degradation by pepsin, pepsin having 90% of the maximal activity at pH 1.5 and 35% of the maximal activity at pH 4.5 (Worthington and Worthington, 2011 ). In vivo, the H + -dependent activation of pepsinogen would strengthen the effect. In contrast to these findings, the highest loss of fructans occurred at the lowest acidity (pH 4), which is contrary to the assumption of fructan degradation due to acidic hydrolysis (Fig. 1) . Fructan degradation in sterile herbage, however, suggests that plant fructan hydrolases were partially responsible for this process (Merry et al., 1995) . The pH optimum for plant fructan hydrolases responsible for fructan degradation is controversial and it might be possible that exo-and endohydrolytic activity requires at least gradually different pH values (M€ uller, 1995). M€ uller (1995) found for sterile filtered grass press juice pH values below 5 causing a more rapid fructose release than lower acidity. However, the author suggested that acidic fructan hydrolysis needs to be taken into consideration at pH values roughly below 4, why the percentage contribution of both plant enzymes and acidic hydrolysis in the cited study remained rather unclear. Particular interesting in this concern is that a somewhat delayed pH decline during ensilage of perennial ryegrass led to a more extensive fructan degradation than a particular rapid and pronounced pH decrease (Ott et al., 2008) . The authors proposed that plant enzymes are largely responsible for the degradation of fructan and enzymes in forages might work particularly effectively if the decrease in pH were not as rapid or large. This in turn is in line with the pH optimum of purified fructandecomposing enzymes from grasses suggested to amount to 5.5-6.0 (Henson, 1989 ) and 4.5-5.5 (Simpson and Bonnett, 1993) respectively. As we do not know whether the investigated lyophilized forages still contained any active plant enzymes, the influence of plant enzymes on fructan degradation will have to be the topic of further investigations. Our research covered only a small range of plant diversity. Therefore, we recommend continuing investigations about different kinds of fructan compositions in forages and their impact on degradation in the horse 0 s upper gastrointestinal tract.
As we were unable to confirm the influence of fructan polymerization, the levan and graminan fractions might also be a topic for further research, particularly as most in vivo experiments about fructan degradation in horses are conducted with inulin (Eps and Pollitt, 2006; Milinovich et al., 2010) .
Conclusion
The results suggest that the in vitro system applied in this study provides new possibly comparable results simulate foregut digestion by endogenous enzymes in horses. This includes a notable degradation of crude protein and simple sugars as well as a concomitant relative increase in fibres. Contrary to our expectations, there was an obvious loss of fructans during in vitro digestion in forages with remarkable initial contents. We suspected acidic hydrolysis to be responsible for this. Nevertheless, there was no linear increase in the decomposition of fructans with lower pH levels in the simulated stomach content. We consider plant enzymes to contribute to the acidic hydrolysis of fructans, which should be analysed in further investigations.
